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Abstract

We propose to measure the ratio of electromagnetic form factors of the proton,
GEp/Gurp, to Q*=9 GeV? in elastic electron scattering from hydrogen in Hall
C with the recoil polarization technique. The proton will be detected in the
HMS and the electron in a large solid angle lead glass calorimeter. This experi-
ment is an extension of experiment 99-007 which will measure Ggp/Garp up to
Q?=5.6 GeV? later this year in Hall A. The data from JLab experiment 93-027
have shown an unexpected and significant difference between the electric and
magnetic form factors, starting at Q?=1 GeV?, up to the maximum value of 3.5
GeV?, revealing a different spatial distribution for charge and magnetization.
These data also clearly demonstrated that we have not yet reached the pertur-
bative QCD limit, which would be signaled by the ratio Q?Fb,/Fi, becoming
constant.

The proposed data, together with the existing Gpsp-data, will determine
both Fy, and Fy,, the Dirac and Pauli form factors, separately. At large Q?,
Fip is already well determined from existing G'ar, data. This experiment will
extend the knowledge of F5,, which is equally sensitive to G, and Gy , to
a @Q? region where, in the pQCD picture, helicity conservation should operate.
For each one of these reasons, measurement of Gg,/Gurp up to 9 GeV? is of
great interest. This (2 region is thought to be the one of transition between
soft and hard scattering, and is the most challenging theoretically. Ultimately,
understanding of this difficult region will be achieved from QCD, the theory of
the strong interaction. The data from this experiment will provide a testing
ground for theory.

This experiment requires 6 GeV incident electron energy, and thus
is possible before the anticipated energy upgrade of the CEBAF ac-
celerator.



1 Introduction

Experiment 93-027 in Hall A measured G g, /G prp, with an precision comparable
to that of Gy, to Q*=3.5 GeV?. The now published[1] results of 93-027 are
shown in Fig. 1; displayed on the left of Fig. 1 are the ratios Gg,/Gp obtained
from the 93-027 results, together with the world data, and the G s, world data
are shown on the right. The most important feature of the new JLab data is the
sharp decline of the ratio Gg,/Gp as Q? increases, which indicates that G g,
falls faster than G'asp,. Hence the new JLab data has demonstrated a significant
difference in the Q2-dependence of the elastic electric and magnetic form factors
of the proton starting at 1 GeV2. These new data for G Ep have created much
excitement in the Nuclear Physics community, and the most important question
raised by these results is whether G'g;, will continue to decrease with increasing
Q.

PAC 15 approved proposal 99-007, to extend the measurement of the
GEp/G up-ratio to Q*>=5.6 GeV? in Hall A. This has become possible now at
JLab, in part because of the greatly improved beam performance, both in polar-
ization and intensity, and in part by replacing the present 50 cm thick graphite
analyzer in the hadron HRS focal plane polarimeter (FPP) , with 100 cm of
CH,. Experiment 99-007 is scheduled to run in Hall A in November-December
2000.
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Figure 1: The published results of experiment 93027 presented as the ratio
GEgp/Gp and compared to the previous world results (Refs. [2],[3],[4], [5],[6],

[7], [8], and [9]). On the right is the ratio Gar,/,Gp, where Gp = (14 20)2.

This highlights the dramatically different Q* dependence of the two form factors.



In this proposal we show that it is now possible to extend the measurement
of the Ggp/G up ratio to yet larger Q? values at JLab in Hall C; there is no other
accelerator and detector facility in the world where such measurements could
be made. We will show here that by installing a new focal-plane polarimeter
(FPP) in the detector hut of the HMS in Hall C, with 120 cm of CH,, and
a large area lead-glass calorimeter to detect the electron, we can extend these
measurements to a Q2 of 9 GeV?2. The absolute uncertainties on these new data
will be less than 0.07. The beam energy required is 6 GeV.

The characterization of the structure of the nucleon is the defining problem
of hadronic physics, as the hydrogen atom is to atomic physics. Elastic nucleon
form factors are key ingredients of this characterization. Ideally all four elastic
nucleon form factors should be measured to the highest possible Q2. Currently
only Gyp is known up to about Q? of 15 GeV? with an accuracy better than
5% and to 31 GeV? with an uncertainty of ~ 10%. New measurements of G arp
in Hall B[11] are currently being analyzed; they will bring the knowledge of
this form factor to comparable levels of accuracy up to Q?=7.5 GeV2. For the
neutron electric form factor, new experiments at JLab[12] will reach Q%=1.48
GeV? with an accuracy comparable to the 3 other form factors.

The experiment proposed here would extend the range over which Gg, is
well defined to Q2 of 9 GeV2. In the future, it might become possible to extend
the Q? range of Gg, and Gy, to approximately 14 GeV? with 12 GeV polarized
beams at JLab.

2  Theoretical Interest

In electron scattering at high 2, the dominant degrees of freedom in the nucleon
are the three valence quarks. This is the regime where perturbative QCD theory
can be applied[10]. At Q? < 1 GeV?, the Vector Meson Dominance (VMD)
model[13, 14, 15] has been successful in describing the nucleon form factors and
hadronic interactions. Predicting nucleon form factors in the transition region
between low Q2?, where the meson picture is valid, and the high Q? region where
pQCD is valid, is very difficult. There is also a great deal of controversy over
where the pQCD approach becomes applicable. There are many theoretical
approaches to calculate the elastic nucleon form factors, and some of them
are: the relativistic constituent quark model (RCQ)[16, 17, 18], the di-quark
model[19], sum rules[20], and the cloudy bag model[21], to name a few. In
fact, the form factors are in many senses the most fundamental observables of
these theories. Hence, precise measurements of hadronic form factors serve as
a crucial test for the theories, which must be passed before extending to other
reactions such as meson photo- and electro-production, real Compton scattering,
or deuteron photo-disintegration.

We can gain some insight into why the elastic nucleon form factors represent
such an important first comparison point for the theories by considering the
helicity conserving Dirac form factor, Fj,, and the helicity non-conserving Pauli
form factor, F»,. The Sachs form factors, Gg, and G rp, are related to Fi, and
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Figure 2: The dashed line is obtained using Gg, = Gp. The solid line is a fit
to the E93027 data, and is meant as a guide to the eye. The symbols are the
same as in Fig.1.

F,, by the following equations:

F,=—22 T M0 ond By, = Gump = Grp

147 k(14 7) (1)

The Dirac and Pauli form factors, from the standpoint of comparison to theory,
are fundamental. The Vector Meson Dominance model, which is valid at low
Q?, and pQCD, which must be valid at large Q?, predict very specific, yet very
different, Q?-dependencies for both Fy, and Fy,. Thus, understanding the Q?
evolution of these form factors allows us to map the transition from the soft to
the hard scattering regimes.

To illustrate this point, we note that in the pQCD approach, Fy, has a Q=*
dependence and F», has a Q% dependence. It is therefore a prediction of pQCD
that Q? Fy,/F, should become constant for large Q? as demonstrated long ago
by Brodsky and Lepage[10]. Moreover, these authors point out that a detailed
understanding of the Q2 evolution of the form factors in the Q?-range of this
experiment, is a crucial ingredient in this theory, especially since the overall
normalization is not fixed.

In Fig. 2, we show Q?Fy,/F, extracted directly from the JLab data of
experiment 93-027, and the previous world data. What appeared to be an early
flattening of the Q?Fy,/F}, ratio to a constant value is not confirmed by the
JLab data. Next we look at the @? dependence of Fy, and F», separately.
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Figure 3: The solid points are Q*F}, calculated using Gg,/Gup of 93-027 and
G up from the Bosted fit to world data. The open points are from Ref. [9] which
assumed pGrp/Gup = 1 in calculating Fi, from their measured G, data.

In the paper of Sill et al.[9], Gpr, was determined to Q? ~ 30 GeV? by
measuring elastic ep cross sections and assuming pGg,/Gurp = 1. The Q*Fyy
values extracted from these data, again assuming ;G gp/Gurp = 1, are plotted
in Fig. 3. As seen in this figure, Q*Fy, starts flattening out at ~ 9 GeV?, and
this has been interpreted as an indication of the onset of pQCD. Given that
the new JLab data increasingly differ from 1 as Q2 increases, one may wonder
what effect this has on Q*F},. The difference is illustrated in Fig.3 where the
solid line corresponds to the assumption uGgp/Gup=1 and the dotted line to
the ratio uG'rp/Grp=0.61, the value obtained at @*=3.5 in ref.[1]. This figure
illustrates the insensitivity of Q4F1p to G'gp; it is of course a consequence of
Eq. 1, because of the factor of 7 in front of Gpp.

In contrast to Fi,, Fb, is very sensitive to Ggjp. If one assumes
uGEp/Guarp = 1 at all @2, then the contribution of uG g, /Gy to Fop is 55% at
all Q%. In Fig. 4, we show the values of Q®F», obtained by combining the new
JLab Ggp/G vy data with G sy, values from the Bosted[22] fit to the world data.
The solid line in Fig. 4 is the prediction of Q®Fy, assuming uGg,/Gup = 1, and
the dotted line is for uGgrp/Grmp =0.62. As seen in this figure, the difference
between the two predictions increases with Q2; it would further increases if
the Ggp/Gup was to further decreases from the 0.61 value. Of course, the
critical question is: what will be the Q? dependence of Fy, in the Q* range
of this proposal, in particular will it reach a constant value? The answer to
this question can only be supplied by data, and therefore the data from this
experiment will have a very significant impact on the theory of the nucleon.

In a more general framework, the asymptotic behavior of both space-like
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Figure 4: The solid points are Q®Fy,, calculated using Ggp/Garp of 93-027 and
G pp from the Bosted fit to world data.

and time-like elastic form factors are connected. Application of the Phragmén-
Lindelhdf theorem[23] to the form factors shows that their asymptotic behavior
must be the same, and that their ratio should go to 1 as Q2 — co. The existing
time-like proton form-factor data show that this condition is far from being
satisfied at Q?=13 GeV?2. The possibility that the present data can be entirely
understood from soft contributions had already been pointed out by Nesterenko
and Radyushkin[24], and discussed by Isgur and Llewellyn Smith[25].

Recent theoretical developments indicate that measurements of the sepa-
rated elastic form factors of the proton to large Q? may shed light on the prob-
lem of nucleon spin. This connection between elastic form factors and spin has
been demonstrated within the formalism of Generalized Parton Distributions
(GPD). The first moment of the GPD taken in the forward limit yields, ac-
cording to the Angular Momentum Sum Rule[26], a contribution to the nucleon
spin from the quarks and gluons, including the orbital angular momentum. The
t-dependence of GPD’s has been modeled using a factor corresponding to the
relativistic Gaussian dependence of both Dirac[27] and Pauli[28] form factors of
the proton. Extrapolation of these GPD’s to t=0 leads to the functions entering
into the Angular Momentum Sum Rule, and an estimate of the contribution of
the valence quarks to the proton spin can then be obtained. This approach
was used recently by Afanasev[29] who, using the Ggp/Gup data of experiment
93-027 in the framework of GPD, concluded that valence quarks contribute
about 50% to the nucleon spin. When combined with semi-exclusive data from
SMCJ[30], this result implies that about 25% of the proton spin comes from the
orbital angular momentum of the valence quarks.

There are also lattice QCD calculations predicting the contribution to the
proton spin coming from angular momentum of the valence quarks. For example,
Mathur et al.[31] calculate the quark orbital angular momentum of the proton



from the quark energy-momentum tensor form factors on the lattice. They
calculate the total contribution from the quarks to be 60%, and hence 35% of the
proton spin originates from the orbital angular momentum. These calculations
are performed in a rigorous and gauge invariant formalism, and the general
agreement with the GPD calculation of Afanasev is encouraging.

An extension of the measurements of the Gg,/Gap ratio to higher mo-
mentum transfers will constrain the x-dependence of the GPD and represent
a major step towards a characterization of the quark spin and orbital angular
momentum contributions to the proton spin.

3 The Recoil Polarization Method

In experiment 93-027 we used the recoil polarization method successfully to
measure the ratio Gg,/G up up to Q* =3.5 GeV2. In November-December 2000
experiment 99-007 will measure the ratio Gg,/Gump up to Q% = 5.6 GeV? using
the same polarization technique. Here, we are proposing to use this technique
to measure the Gg,/Gup-ratio to Q* = 9.0 GeV?2.

The polarization method was first discussed by Akhiezer and Rekalo[32] and
later by Arnold, Carlson and Gross [33]. With longitudinally polarized electrons
one can either use a polarized target, or measure the transferred longitudinal
and sideways polarizations, P, and Py, respectively, of the recoiling proton with
a polarimeter. Starting above 1 GeV?, this technique is superior to the tradi-
tional Rosenbluth separation technique. The first advantage of the polarization
method is that it requires no change of energy or angle. For each % a single
measurement of the azimuthal distribution of the protons diffused in a secondary
scatterer determines simultaneously both P, and Py.

As given in ref.[33], for one photon exchange, Py and P; are:

1 0.
P = M (Be + Eo)/T(1 47 GMptan = (2)
P, = -2/71+7)GEpGuyp tan%e (3)

where 9
Iy = G%p(QQ) + TG%VIP(Q2)[1 +2(1 4 7) tan® 56] (4)

The second advantage of the polarization method is that the relevant ob-
servable, P;, (see Equ.3 is an interference term; thus even a small G, will get
amplified by the large G'arp.

With a focal plane polarimeter, one measures the azimuthal angular dis-
tribution after a second scattering in an analyzer. This distribution has two
components only, corresponding to the two projections of the polarization in
the plane of the analyzer. The azimuthal distribution measured in a polarime-
ter with an azimuthal angle acceptance of 27 can be written as:



Ny(6,) = Ny(h = 0)e(8)(1 £ [B|A.(6) [Py sin — P cos o)) (5)

where h is the electron beam polarization, and the + stands for the two possible
orientations of the electron longitudinal polarization, N, (h=0) is the number of
protons incident on the polarimeter, 6 and ¢ are the polar and azimuthal angles
after scattering in the analyzer, e(f) is the differential efficiency, and A.(f) the
analyzing power of the analyzer, Py and P, are the transverse and normal,
in-plane components, of the polarization at the analyzer.

For a spectrometer consisting of a single dipole with homogeneous field, the
spin transport matrix connecting the polarizations at the analyzer and at the
target reduces to:

P, cosy 0 siny P,
Py = 0 1 0 P,
Py fp —siny 0 cosy P, tgt

where y is the spin precession angle in the spectrometer.

In the case of elastic ep scattering, P,=0 in the single photon exchange
approximation. Thus, in this case, in the single dipole approximation the rela-
tionships between target and focal plane components are:

Py = P, and Py = Pysiny (6)

The Fourier analysis of the experimental azimuthal distribution N, (6, ¢) in
Equ.5, together with Equ.6, gives the two physical amplitudes for each bin of 6
in terms of the polarization components at the target:

a(f) = hA.(0)P; and b(0) = hA.(0)Pysiny (7)

from which P, and P, can be obtained.

In a spectrometer with quadrupoles and shaped dipole(s) further spin ro-
tation occurs in these higher order magnetic fields (quadrupole, sextupoles...).
Therefore, the actual spin transfer matrix (S, ) has nine non-zero matrix ele-
ments. These matrix elements are different for every event, because they depend
on (0,y,9,0)te. To extract the physical quantities P, and P, one must correct
for spin precession for each event. The method we have been using in the anal-
ysis is directly based on the Fourier analysis. One can show that the quantities
a(f) and b(#) in Eq. 7 are the sums over all events in the azimuthal distribution,
as follows:

N

aO) = (3 (SDA)P cos’ oi + SURAO Prcos’)]  (8)
9 M .
bO) = N[Z(St(,’t)hAc(O)Ptsin%i+St(,’zhAc(9)P,_;sin2<pi)] (9)

(3

10



where index i numbers the events. These equations can be solved for the 2
unknowns (hA.(0)P;) and (hA.(0)P;). The Sy, matrix elements have to be
calculated from a model of the spectrometer. The spectrometer will be modeled
with COSY, a differential algebraic code.

The ratio Gg,/G yvp can then be obtained directly from the ratio

hA.(0)P; .
r(0)= hAcﬁegpe-

Bet Be) o Be (10)

Grp/Garp = —r(0) =) tan(:

The definition of P; and P, (Eqns. 2 and 3) can then be used to calculate

these two components from the measured Ggp/Gap leading to a calculation

of the quantity hA.(#). The beam polarization will be measured independently

with the Mgller polarimeter in Hall C, thus providing a calibration of the po-
larimeter analyzing power for each of the proton energies of this proposal.

4 Experimental considerations

4.1 Introduction

This experiment will use the High Momentum Spectrometer (HMS) in Hall C
to detect the recoiling proton, and the scattered electron will be detected in
a calorimeter, a large solid angle detector. The focal plane in the HMS will
be equipped with a polarimeter to measure the polarization of the recoil pro-
ton. Following subsections describe the modifications and additions to existing
equipment in Hall C necessary to carry out this experiment.

4.1.1 The High Momentum Spectrometer

The HMS bends charged particles in the vertical plane; it consists of 3 quadrupoles
followed by one dipole. Its angular acceptance is 60x130 mr? in the horizon-
tal and vertical direction, respectively. The angular resolution is 1 mr and the
momentum resolution is < 10~2. The momentum and angular resolutions are
perfectly adequate for this experiment. The highest momentum accepted by the
HMS is 7.5 GeV/c, corresponding to Q*=12.4 GeV?, and the bend angle of the
HMS is 25°.

As described in the previous section, favorable precession angles are crucial
to obtain the ratio G gp/Gap with small uncertainty. In this experiment we will
extract P; and Py at the target from the measured quantities Py and P,,s at the
analyzer; equation (6) makes it clear that siny=0 must be avoided, otherwise
P,;=0. The precession angles corresponding to the Q? values proposed here,
6.5, 7.5 and 9 GeV?, are between 210 to 274°; all 3 angles are very favorable
and actually the one corresponding to 9 GeV? is the best possible.

11



4.1.2 The Focal Plane Polarimeter

This experiment requires the installation of a new polarimeter in the focal plane
area of the HMS, following the scintillators S1X and S1Y. As shown in Fig. 5,
the analyzer is divided into two blocks, each 60 cm thick. The incoming pro-
ton trajectories will be reconstructed from the existing HMS focal plane drift
chambers DC1 and DC2. An (xy) drift chamber with good angular resolution
will follow each CH, block to reconstruct the trajectory after the scattering
in the analyzer. There are at least two advantages to this configuration: first
the chamber dimensions are minimized, and second, events with one nuclear
scattering in either one of the blocks can be identified and analyzed separately.
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Figure 5: Sideview to scale, of the planned new polarimeter for the HMS (in
the dispersive direction); S1 and S2 are the scintillator planes which will define
the trigger.

The crucial feature of the polarimeter is its figure of merit (FOM), defined
as FOM:eAz, where € is the usable fraction of events scattered in the analyzer,
and Az is the weighted average of the analyzing power squared. As presented
in the 99-007 proposal for Hall A, adding hydrogen to the analyzer increases
its FOM because the analyzing power in pp scattering is becoming increasingly
better than that of the graphite, for increasing proton energy. As seen in Fig.6
the pC analyzing power decreases rapidly with increasing proton energy. In this
figure the data are from experiment 93-027. The solid lines represent the fits
used as input to the GEANT Monte Carlo simulation[34] done to prepare this
experiment. Similar fits have been carried out for the currently available pC
and pp scattering data. The average analyzing powers for pC and pp calculated

12



with this Monte Carlo simulation, are shown in Fig. 7; for example at T,,=3.2
GeV, the ratio of the pp to pC analyzing powers is ~3; this ratio increases as
the proton energy increases. Currently, the highest proton energy for which we
have graphite analyzing power data is 3.61 GeV [35]; for pp scattering it is 10
GeV/c[36].

T,=244 MeV T,=375 MeV T =561 MeV
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Figure 6: The carbon analyzing power extract from the data of experiment

93-027, together with the fits (solid line) used as input to the Monte Carlo
simulation.

The FOM values calculated with the Monte Carlo simulation for the new
polarimeter are given in table 1; this simulation also indicates that the optimum
thickness of CHs is 60 to 80 cm. The design of the FPP takes this fact into ac-
count: it consists of two independent polarimeters in series, each with optimum
thickness, with the possibility to eliminate their interference.

The two new chambers required for this polarimeter will be identical; their
sensitive area will be of ~ 172 x 134 cm?. These chambers must have an angu-
lar resolutions of about 1 mr (1¢); drift chambers will satisfy this requirement.
We have a preliminary estimate of time and cost to build these chambers from
the Technical Services of DAPNIA, Saclay. We have also discussed their con-

13
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Figure 7: The Monte Carlo results for the analyzing power in pC and pp; the
angular averaging is over 5 to 20°..

struction with the Detector Group at LHE, Dubna. Both groups have much
experience with the fabrication of large drift chambers. The co-PI’s will coor-
dinate the design, construction and installation of the FPP. The FPP will be
designed as a unit in a sturdy frame, to facilitate its installation and removal.
Once the polarimeter is installed in the HMS focal plane, it may remain a part
of its instrumentation, interchangeable with the gas Cerenkov.

4.1.3 The Calorimeter

Essential to this experiment is solid angle matching. With the accelerator energy
limited to 6 GeV, all the kinematics of this proposal have an electron scattering
angle larger than the proton recoil angle; therefore the Jacobian for the electron
is larger than 1, and hence the solid angle for the electron detector must be larger
than that of the proton detector if all elastic ep events are to be captured. In

14



this experiment protons will be detected in the HMS. To fully utilize the HMS
solid angle, the electron must be detected in a device with larger solid angle
than the HMS. Based on the design and tests for the Real Compton Scattering
experiment in Hall A [37], we have adopted the technique of using a calorimeter
made of lead-glass blocks to detect the electron. This well understood technique
will provide an angular resolution comparable to that of the HMS. The idea is
to separate elastic ep scattering by selecting events with angles satisfying the
2-body kinematics; the better the angular resolution, the better the separation.
The TDC information from each lead-glass block will be used to eliminate most
of the accidental events. Our studies in Hall A, to be described below, indicate
that the target walls contribution is negligible. The great advantage of Cerenkov
lead-glass detector is their relative insensitivity to pions and low energy particles.

The feasibility of this technique was investigated in two test runs in Hall
A this Spring. In both test runs we used a prototype calorimeter with a 5
(horizontal) x9(vertical) array of 15x15 cm? lead glass blocks; the position res-
olution of the detector is approximately 15/1/12=4.3 cm (1o) when the position
is defined by one block only; for about 30% of the events a better resolution
was obtained using the energy deposited in a neighbor block to calculate the
position of the scattered electron.

In the first test the beam energy was 3.08 GeV and two elastic ep kinematics
were chosen, Q2=2.5 and 3.5 GeV2. For the latter, the calorimeter was at 58°
to the beam, 5.45 m away from the target, giving a single-hit angular resolution
of 8 mr (10); the HRS in Hall A detected the associated proton at 23°.

In the second test in May 2000 the energy was 3.395 GeV, the calorimeter
was at an angle of 41° and at a distance of 8 m. In this test we collected data for
background studies with empty target cell and no cell to determine what part
of the background comes from the target walls, and what part from the environ-
ment (beam dump). We also measured accidentals by delaying the ADC gate
and, to evaluate the usefulness of TOF information, we connected two of the
lead-glass blocks to TDC’s. In this test we also re-measured the G g, /G urp ratio
of experiment 93-027 at ?>=3.0 GeV?; the preliminary results obtained in 21
hours of beam on target (~50 pA, beam polarization 71.2%) are pp,GEp/Gup=
0.62+0.048, to be compared with the published results 0.61+0.032; the uncer-
tainties given are statistical only. These results were obtained without using
any TDC information from the calorimeter.

Some of the results of the preliminary analysis of this test are shown in Fig 8.
The top left shows the raw ADC spectrum in one block; the elastic events are
in the peak at 1800 MeV ; next is the corresponding TDC spectrum, with a
sharp elastic peak. To the right then is the ADC spectrum conditioned by an
appropriate TDC cut. The tail on the left is part radiative tail, and part spilling
over from showers in a neighboring block.

The middle row shows the missing energy spectrum for all events, Ey,iss =
Eyeam —Ep — E.. Next is the same spectrum, conditioned by a cut on the elastic
peak in the HRS focal plane. On the right is the result with an additional cut
on #.-0, and ¢.- ¢, correlation. The remaining events are the elastic ep ones
only.
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Figure 8: From left to right, top to bottom:

raw ADC spectrum for 1 lead-glass block

raw TDC spectrum for the same block

same ADC spectrum after cut on elastic peak in TDC

Emiss
Emiss
Emiss
Emiss

-spectrum for all events, no cut. The elastic events are in the peak at

=0
after cut on the elastic peak in the HRS focal plane (not shown here).
with additional cut on the 8 and ¢ ep angular correlation; the elastic

peak now stands alone

fe- 6,
Qse' Qsp

angular correlation, all events
angular correlation, all events

raw ADC spectrum, real and empty target for one block
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The lower row shows the 6.-8, and ¢.- ¢, correlations in the first two panels.
The last panel shows again an ADC spectrum, all events, and the empty target
events, normalized. The accidental events would be eliminated by a cut on the
TDC peak. The empty target contribution under the elastic peak is about 10,

The conclusion of the test is that this method is viable, and if the angular
resolution is sufficient then, the elastic events can be fully separated from the
background events. We anticipate larger background for the proposed experi-
ment in hall C. However, as explained above, using the TDC information will
reject most of the HMS-calorimeter accidentals. With a calorimeter angular
resolution matching that of the HMS, ~2 mr, we expect to achieve full sepa-
ration of elastic events up to the largest ?- value proposed here. In fact the
cross section at Q?=5.6 GeV? is only 10 times smaller than the cross section at
Q?=3.0 GeV? under the condition of the test. The target empty rate is then
going to be at the most 1072 of the elastic ep rate.

The largest solid angle required in this experiment is 135 msr, at Q2 of 9
Gev?; for this Q2 the calorimeter will be located at 68° and a distance of 4.35 m
from the target. To obtain the desired solid angle we are planning to assemble a
large calorimeter with 1600 4x4 cm? lead-glass blocks, each connected to an ADC
and a TDC. The expected position resolution is 3-5 mm, which will translate
into an angular resolution of 1-2 mr. The accidentals will be eliminated from
cuts on the TDC information from each lead-glass block. It will be necessary to
shield the calorimeter from neutrons generated in the beam dump and to build
a platform for the calorimeter.

The primary responsibility for the calorimeter of this experiment will be with
B. Wojtsekhowski (JLab, Hall A), H. Voskanyan (Yerevan) and V.P Kubarovsky
(Protvino).

5 The proposed measurements

Here we propose to measure the Gg,/Gp-ratio for 3 new values of *:
6.5, 7.5 and 9 GeV?, and a control point at 4.2 GeV? which coincides
with one of 99-007.

The largest @2 we can measure in a reasonable time in Hall C, given the
limitation of a 6 GeV beam, is 9 GeV?, which can be determined by looking at
the statistical uncertainty achievable in a given time for specified current and
beam polarization. This is illustrated in Fig. 9, which clearly shows that with a
6 GeV beam energy Q*=9 GeV? is still practical in beam time. For a fixed Q>
the Jacobian between the electron and proton solid angle changes with beam
energy in such a way that if the electron solid angle is properly matched, the
coincidence event rate is then largely independent of the beam energy. The
smallest statistical error is then achieved at the energy for which the transverse
polarization is maximum.
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Figure 9: Predicted statistical uncertainties versus beam energy for the 3 new
values of ? proposed, and the control point at 4.2 GeV2. Kinematic matching
is assumed for each point. The curve at 10.5 GeV? demonstrates that for this
Q? a beam energy of 7-8 GeV is required.

The kinematics of this proposal are listed in Table 1; the numbers are based
on the following expectations:

e the beam helicity is h=0.8 and the current is 75 A on the standard 15-cm
long LH, cell (unpolarized hydrogen).

e The HMS solid angle is matched by the electron arm detector according
to the Jacobian. This is achieved with a calorimeter consisting of an array of
lead glass shower detectors. A calorimeter with active area of 2.56 m? will be
located at various distances from the target to maintain kinematical matching.
The minimum distance of 4.35 m occurs for Q?=9 GeVZ.

e The HMS solid angle is 6 msr, and its angular resolution is 1-2 mr, both
horizontally and vertically; these numbers take into account the use of an ex-

tended target.

e Estimates of the analyzing power and efficiency of the CHy analyzer used
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Q? E. 0. E. 0, Pp do/dS2. CAZ x | AQ. | rate
GeV? | GeV | deg | GeV | deg | GeV/c em?[sr FOM | deg | msr | Hz
4.2 5.0 32 | 276 | 28 3.0 4.7x 1073 | 0.01 | 152 8 117
6.5 6.0 38 2.5 21 4.3 3.8 x 1073 | 0.006 | 210 | 20 21
7.5 6.0 | 46 | 2.0 17 4.8 1.1 x 10735 | 0.005 | 236 | 37 12
9 6.0 | 68 | 1.2 | 114 ] 5.66 | 1.4x10 3 [ 0.004 | 274 | 135 6

Table 1: Kinematics proposed.

to calculate rates and uncertainty, are made with a GEANT simulation[34].

e The analyzing power of the CHa does not need to be known to obtain the
ratio G gp/G pp; however, the analyzing power will be measured simultaneously
with Ggp/Garp, for each of the 3 proton energies in this experiment(3.46, 4.00
and 4.78 GeV). For this calibration the beam polarization needs to be measured
with the Hall C Mgller polarimeter.
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Q* E. | absolute A(Ggp/Guyyp) | time
GeV? | GeV hours
4.2 5.0 0.024 36
6.5 6.0 0.047 100
7.5 6.0 0.064 132
9 6.0 0.066 500

TOTAL TIME 768

Table 2: Absolute uncertainties, including systematics, and times required.
A(uGEp/Gap) is the anticipated absolute uncertainty. Here we assume that
wGEp/Gup remains constant at 0.0, but in fact the absolute uncertainty
A(uGEp/Gurp) is essentially independent of uGrp/Gurp. A systematic uncer-
tainty related to the precession angle is included per Equ.11.

when what goal duration
2000-2001 | lead-glass | background | 2 shifts
2000-2001 HMS background | 1 shift
2003 calorimeter install 1 month
2003 calorimeter test 3 shifts
2004 polarimeter install 1 month
2004 polarimeter test 3 shifts

Table 3: Approximate times for pre-testing, assembling and final testing of
components in Hall C

e The anticipated uncertainties shown in Table 2 and in Fig.10 for the 4
data points (4.2, 6.5, 7.5 and 9 GeV?) are calculated from:

SO /Oy /(RafaP + (BHHP + (Rsmxsmx) , where  (11)
GEp/GMP
Aa(f) = Ab(f) = W (12)

where a and b are the amplitudes in Equ.7, and N, is the total number of
protons entering the FPP.

This experiment will require time to measure the background in Hall C, to
install the calorimeter and test it, and to install the FPP in the HMS and test
it. Table 3 shows an outline of the approximate times required.
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6 Conclusions

We propose to measure Gg,/Gurp to 9 GeV? in an experiment in Hall C, de-
tecting the proton in the HMS and the electron in a large solid angle lead glass
calorimeter. Such an experiment is possible before the anticipated energy up-
grade shut down. The interest of continuing this experiment is obvious from
the recently published results of experiment 93-027: the unexpected decrease
of u,GEp/Gup from the dipole form factor value of 1 indicates that the charge
and magnetic distributions in the proton are markedly different. The proposed
experiment is an extension of experiment 99-007, which will measure G gp/G ap
between 3.5 and 5.6 GeV? in steps of 0.7 GeV? at the end of this year (2000).
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Figure 11: Same as Fig.4, with the anticipated uncertainties in this proposal
(open circles), as well as the results of 93-027 (filled circles), showing them to

be neither too large nor too small.

Previous form factor data have been interpreted in terms of an early onset of
the perturbative QCD limit: Q?Fy/F; ~ constant, as illustrated in Fig.2; the
new data clearly demonstrate that this is not the case at such a low Q2. The Q?
region we will have explored when both 99-007 and this proposal are completed
is potentially much more interesting: we could see a behavior similar to the
one displayed by Q*G s, or Q*Fy,, around 9 GeV?, or no such “asymptotic”
behavior. In either case, characterizing Fb, to large @ will shed light on the spin
dependence of the quark-quark interaction at short distances. More generally,
accurate measurements of hadronic form factors serve as a crucial test which
theories must pass before they can be applied to other reactions such as meson
photo- and electro-production, real Compton scattering, or deuteron photo-

21



disintegration.

The proposed measurement of Gg,/Garp with small uncertainty and the
existing cross section data[7, 9], together will bring the experimental character-
ization of Gg, and Garp to equal levels of accuracy in this important regime.
Likewise, the combination of the proposed data with the existing G'asp data, will
determine both Fj, and F, with small uncertainty. Therefore this experiment
will extend the knowledge of Fy, to a Q? region where, in the pQCD picture,
spin flip should become strongly suppressed, or equivalently, helicity conser-
vation should operate. Fig.11 shows the expected uncertainties for QFy,. A
continuation of these measurements to 9 GeV? is clearly of great interest. This
@Q? region is commonly believed to be the one of transition between soft and
hard scattering, the most challenging theoretically. Ultimately, understanding
of this difficult region will be achieved from QCD, the theory of strong interac-
tion, and the data from this experiment will play an essential role toward this
goal.
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